The broad charge heterogeneity typical of nearly all smectites is not necessarily characteristic of vermiculites. In addition to vermiculites with pronounced heterogeneity, minerals with no or only limited charge heterogeneities are known. Layer charge and charge heterogeneity of 25 vermiculites were determined by alkylammonium ion exchange. The comparison of experimental basal spacings with dUn-plots provided a simple determination of the average charge density. The spacings of high-charged vermiculites (t>0.8 eq/(Si,A1)4010 ) with paraffin-type interlayers follow a straight line in the dL/n-plots. Lower-charged vermiculites were recognized by stepwise increasing spacings due to mono-, two-, or three-layer chain packings. Charge heterogeneity produced a superposition of the dL/n-curves for different charges, and the basal reflections of some of the alkylammonium derivatives became nonintegral.
INTRODUCTION
Alterations of micas and mica-type layer silicates are solid state reactions. The layer structure is responsible for the anisotropy of the reaction course. In succeeding layers or interlayer spaces the reactions can proceed at different rates or to different extents. The consequence is a nonuniform distribution of the charges in the reaction products (charge heterogeneity). The heterogeneity depends not only on the degree of the alteration, but also on the cooperativity of the reactions. Cooperative reactions are the cause of puzzling effects of particle size on potassium exchange in micas (Scott, 1968; von Reichenbach and Rich, 1969; cf. Norrish, 1973) and the occurrence of ordered phases during exchange reactions in vermiculites (Shawney, 1972; Gruner et al., 1979) .
Micas as starting materials in weathering series are thought to be homogeneous with nearly with same cation density in all interlayer spaces. Smectites as weathering products generally have heterogeneous charge distributions, similar to those found in mixed-layer minerals (Lagaly, 1979a (Lagaly, , 1981 . Vermiculite s may represent initial stages in the alteration sequence of micas, and the knowledge of their charge heterogeneity should enlighten our understanding of some of the fundamental processes of weathering.
EXPERIMENTAL PROCEDURES
Most of the vermiculites examined in this work were investigated by Norrish (1973) Layer charges and charge heterogeneities were determined by alkylammonium ion exchange on small crystals, about 0.5 • 3 mm z in area and about 0.1 mm thick. The crystals were cut from larger flakes in directions parallel to sharp edges. About 20 mg of vermiculite crystals was treated with 5 ml of alkylammonium chloride solutions in sealed 10-ml ampules at 65~ One or two weeks later the solution was poured off, and, after washing with 10-20 ml of an ethanol/water solution, the procedure was repeated. Excess alkylammonium chloride and alkylamine was removed by washing the crystals 12 times with the ethanol/water solution. Selected air-dried crystals were carefully slipped into Lindemann glass tubes and dried in high vacuo (p ~< 0.01 torr, 24 hr, 65~
The specimens were investigated in Debye-Scherrer powder cameras (diameter = 36/~-= 11.46 cm; CuKa radiation). Depending on the individual vermiculite sample, several or numerous basal reflections could be observed as sharp dots. In general, the exchange was quantitative after two procedures within two or three weeks.
Exchanged vermiculites that gave poorly developed X-ray powder diffraction (XRD) diagrams were reacted with alkylammonium chloride for 50 days or longer. In addition, some crystals or larger flakes were first allowed to stand in a large excess of a 1 M solution of LiCI for several days. After washing, the macroscopic swelling of the Li-exchanged vermiculites in pure water was examined. Most crystals were thickened or exfoliated by osmotic processes (cf. Sridhar and Jackson, 1973; Wey, 1978a, 1978b) . The exfoliated crystals were cut into small specimens and then reacted with alkylammonium chloride solution. However, for the main part, no improvement of the XRD pattern was achieved.
The alkylammonium chlorides CnH2n+~NH3+C1 -, where n ranges from 4 to 18, were used as aqueous solutions in the concentrations: 2 M for n = 4-6; 0.5 M for n = 7-9; 0.1 M for n = 10-15; and 0.05 M for n = 16-18. The solutions were prepared by dissolving pure alkylamine (Fluka, Switzerland) in small amounts of ethanol. Some water was added (avoiding an intense clouding), and the pH was adjusted to about 6 with HCI.
RESULTS
Alkylammonium ions in the interlayer spaces of vermiculite acquire distinct arrangements: monolayer and two-layer (bilayer) structures with the alkyl chains parallel to the surface (Brindley and Hofmann, 1962; Lagaly and Weiss, 1971) , pseudotrimolecular layers ~ (Lagaly and Weiss, 1971 ; Lagaly et al., 1976) , and paraffintype structures (Brindley and Ray, 1964; Brindley, 1965; Johns and Sen Gupta, 1967; Lagaly and Weiss, 1970) .
High-charged vermiculites
High-charged vermiculites are recognized by spacings linearly increasing with n. Typical plots are shown 1 The term "pseudotrimolecular" was chosen because the alkylammonium ions actually are arranged in bilayers ( Figure  la) . The ends of the chains are shifted one above the other, so that the thickness of three alkyl chains determines the spacing. This chain packing is made possible by formation of kinks or kink-like conformations (Lagaly, 1976 (Lagaly, , 1981b . The spacings indicate paraffin-type monolayers with a chain tilt of 51 ~ and 50 ~ (Figure lb) . This tilting allows an optimal interaction of the NH+3-groups by three hydrogen bonds to the surface oxygen atoms (Brindley, 1965; Lagaly and Weiss, 1970) .
With a highly ordered interlayer structure odd/even alternating basal spacings should be observed and actually were observed for a batavite (Weiss, 1963) and some intercalation complexes of other host compounds (Lagaly, 1979b; Beneke and Lagaly, 1982) . The odd/ even alternation has led to controversies in the literature (cf. Walker, 1967; Lagaly and Weiss, 1970) . In general, the odd/even alternation in vermiculites is not as pronounced as that derived from the ideal interlayer arrangement, but it is still detectable for the Llano vermiculite (Carl Moss Ranch, Figure 2b ).
Vermiculites have paraffin-type interlayers if the layer charge is at least 0.75 eq/(Si,Al)4010. Van Olphen (1965) reported a layer charge of 0.80 eq/(Si,A14)O10 for the Llano vermiculite. Norrish (1973) gave values between 0.72 and 0.95 for vermiculites from the same locality in Llano County, clearly revealing the difficulties in comparing literature data even if the localities are reported as the same.
The optimal chain orientation and molecular packing makes the paraffin-type chain arrangement less sensitive to charge density variations. Thus, the interlayer structure and the dL/n-relation scarcely change with increasing layer charge. The tilting angle increases to about 65 ~ for alayer charge of 0.9 eq/(Si,Al)40~0 (Lagaly and Weiss, 1971) . The limited influence of the layer charge on the chain tilt and the basal spacings renders difficult the detection of charge heterogeneities in the range 0.75-1.0 eq/(Si,A1)4O10.
Low-charged vermiculites
Vermiculite from Beni-Buxera (Spanish Morocco) is a low-charged vermiculite. Its basal spacings ( Figure  3a) increase stepwise, and all alkylammonium derivatives showing integral basal reflections lie on the plateaus dL= 17.6 A and 22 A. Between the plateaus the basal reflections are nonintegral (for n = 10, 11, 12, 16, and 17). The nonintegrality of the basal reflections indicates a random interstratification of two (or more) units with different identity periods (fundamental spacings). If several basal reflections are observed, the two fundamental spacings dt ~nd dn can be recognized by comparing in a plot the integer multiples of the basal d-values of different alkylammonium derivatives. Coinciding values indicate the fundamental spacings di or dii or very similar values (cf. the "visual inspection method" of Mering, 1949; Weaver, 1956; MacEwan et al., 1961) . For the Beni-Buxera vermiculite values of 17.8/~ and 21.5 A are indicated as fundamental spacings d~ and dii and correspond to the plateaus in Figure 3 . It is evident from Figure 3 that the charge density in the Beni-Buxera sample varies between 0.57 and 0.70 and averages 0.63 eq/(Si,Al)4010 (cf. Norrish, 1973 ; 0.65 eq/ (Si,Al)4010). The dL/n-diagrams (Figures 3-7) for low-charged vermiculites were constructed on the basis of geometrical considerations (Lagaly, 1981a) . One-layer/two-layer and two-layer/three-layer transitions occur if the area per alkylammonium ion, A~, is equal or twice the equivalent area, A~: The transition of the three-layer structure into the paraffintype arrangement occurs at n = 1.5 n~, where nH is the chain length for close packed two-layers.
At a first glance it might be advisable to calculate charge heterogeneity data from the transitions between the 13.7-, 17.7-and 21.7-/~ plateaus as for montmorillonites. In most cases, however, the charge distribution deduced from the 13.6 A/17.7/~ transition differs from that of the 17.7/~/21.7/~ transition. One of the reasons is that the 17.7/~/21.7/~ transition is more indicative of the charge density of the silicate layer with the highest charge density than of the average charge density in the interlayer . Further, at charge densities />0.50 eq/(Si,A1)4010 and at spacings below the 17.7-A plateau, a denser chain packing can be achieved in the paraffin-type structure than in the twolayer arrangement (see below). Therefore, the spacing of 17.0 A (n = 6, Beni-Buxera vermiculite) does not result from an interstratification of 70% two-layers and 30% one-layers, but simply follows from the paraffintype chain arrangement. An indication is the pronounced rationality of the basal reflections up to ~ = 13.
Vermiculite from Young River, Western Australia ( Figure 3b ) has a broad charge heterogeneity. From the 17.7 /~/21.7 A transition a charge heterogeneity of 0.52-0.70 is obtained with an average of 0.61 eq/ (Si,A1)4Olo, in good agreement with analytical data (0.55 eq/(Si,Al)4Ol0, Walker, 1967 ; 0.65 eq/(Si,A1)40~0, Norrish, 1973 , for the low-charged specimens). Analysis of the one-layer/two-layer transition by the usual procedure gives a mean layer charge of 0.44 eq/ (si,al)4010 which evidently is too low. It probably results from interstratification with interlayer spaces which do not react with short-chain alkylammonium ions.
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Vermiculitized chlorites
Ross and Kodama (1974) described the transformation of an orthochlorite (sheridanite) into a vermiculite by dehydroxylation at 610~ and subsequent HCI/NaCI treatment to dissolve the dehydroxylated hydroxide sheet. A sample of this vermiculitized chlorite (supplied by Dr. Kodama) gave basal spacings similar to those of Beni-Buxera vermiculite and with a pronounced threelayer plateau. The charge varies between 0.57 and 0.70 eq/(Si,Al)4Oi0; the mean value is 0.62 eq/(Si,Al)40~0 (from two-layer/three-layer transition). The analytical layer charges of Ross and Kodama (1974) are slightly lower (0.55 or 0.56 eq/(Si,A1)4010). The one-layer/twolayer transition indicates a lower value of the average charge density (about 0.48 eq/(Si,A1)4010), which may be attributed to an extreme unsymmetrical charge distribution (interlayers between very high-charged layers and very low-charged layers) or to the presence of interlayers nonreacting with short chain aikylammonium ions.
Medium charged vermiculites
The dL/n-plot of a typical medium charged vermiculite (South Africa, Figure 4) shows at a first inspection spacings irregularly increasing. Figure 4b suggests that Figure 7 . Formation of nonequilibrium forms of alkylammonium vermiculites by kinked aikyl chains during washing and drying sequences. The kinking impedes the interpenetration of the chains to the paraffin-type arrangement (cf. Figure  1) . this is by no means indicative of broad charge heterogeneity. The full line corresponds to paraffin-type chain packing (layer charge/> 0.80), and the dashed curve gives the spacings for the layer-type arrangements and a layer charge of 0.75 eq/(Si,Al)4010. The experimental points follow the theoretical spacings which belong to the structure with the closest packed chains. A slight nonintegrality of some reflections indicates a small charge heterogeneity (limiting values about 0.75 and />0.8 eq/(Si,A1)4010).
Comparison of experimental spacings with theoretical dL/n-plots ( Figure 5 ) provides a rapid and reliable determination of the charge density of medium charged vermiculites. A pronounced charge heterogeneity makes the basal reflections of most alkylammonium derivatives nonintegral. An example is reported in Figure 6 . The bars give the fundamental spacings obtained by the visual inspection method, and evidence that the nonintegrality results from interstratification of paraffin-type interlayers with two-layer (n = 9-12) or threelayer arrangements (n/> 14). The mean layer charge is about 0.65 eq/(Si,Al)40~0), and the structure contains interlayers of about 0.8 and 0.55 eq/(Si,A1)4010 in random distribution.
DISCUSSION
The layer charge ~: of vermiculites with moderate heterogeneity can easily be determined using Figure 5 . High-charged vermiculites (~: /> 0.8 eq/(Si,Al)40~0) are recognized by linearly increasing spacings after alkylammonium ion exchange (Figure 2 ). The spacings of medium charged samples (0.6 < ~ < 0.75) (Figure 4 ) reveal alternating layer-type and paraffin-type chain packings. Low-charged vermiculites have more or less extended 13.6-, 17.7-, and 21.7-~ plateaus (Figure 3) .
One source of difficulty in obtaining reproducible basal spacings is that crystals of alkylammonium vermiculites with differing spacings form as a result of particular washing and drying sequences (Weiss and Kantner, 1960; Johns and Sen Gupta, 1967; Walker, 1967) . Weiss and Kantner (1960) , studying powdered materials, emphasized the importance of slightly grinding the exchanged vermiculites before drying. Sporadically, some crystals with too high spacings were obtained in course of our investigations. The occurrence of such forms presented no severe difficulties for layer charge determinations because several alkylammonium derivatives were investigated, and crystals with "false" spacings were easily recognized. Using claysize particles the problems are avoided by carefully grinding the washed and air-dried vermiculites before the final drying in vacuo. Walker (1967) suggested that expanded forms of alkylammonium vermiculite crystals result from a sticking of the chains which impedes their complete interpenetration to the monolayer. The molecular packing of chains is too low to sustain a stable sticking of the chains. The reason is the denting of the chains (Figure 7 ) as a result of trans-gauche-isomerizations (Lagaly, 1976) .
In principle, the average charge density may also be obtained from the spacings of the alkylammonium derivatives under long-chain alkanols (Weiss and Kantner, 1960; Weiss and Lagaly, 1967) . The formation of nonequilibrium phases with too high spacings commonly affects the accuracy of this procedure and pretends a lower charge density.
CONCLUSION
The broad charge heterogeneity typical of nearly all smectites is not necessarily typical of vermiculites. In addition to vermiculites with pronounced heterogeneity, specimens can be found with no or only a narrow charge heterogeneity.
From charge determinations of vermiculites, the transformation of micas into vermiculites and finally into smectites (Schwertmann, 1964; Tributh, 1976) probably proceeds by two reaction sequences. One reaction path first leads to relatively homogeneous vermiculites which alter to heterogeneous smectites. In the other sequence, initially heterogeneous hydromicas and vermiculites are formed which transform to smectites with comparable or different charge heterogeneity.
Two different types of vermiculites were recognized by Schwertmann and Politz (1967) and Schwertmann (1966) by potassium-fixation experiments. Their investigations provided some evidence that the soil vermiculites studied were more homogeneous than the reference vermiculites from South Carolina and Transvaal. One cannot generalize these observations at present.
The method for determining charge heterogeneities in vermiculites outlined in the present paper should aid in studying the properties of vermiculites, especially the changes during alteration processes.
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